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Abstract 

The Penrose process (PP) is an ingenious mechanism of extracting rotational energy from a rotating 
black hole, however it was soon realized that it was not very efficient for its astrophysical applications for 
powering the central engine of quasars and AGNs. The situation however changed dramatically in the 
presence of magnetic field produced by the accretion disk surrounding the hole in the equatorial plane. In 
1985, Wagh, Dhurandhar and Dadhich [T] had for the first time considered the magnetic Penrose process 
(MPP) in which the magnetic field could now provide the energy required for a fragment to ride on negative 
energy orbit thereby overcoming the stringent velocity constraint of the original PP. Thus MPP turned 
very efficient and so much so that efficiency could now even exceed 100 percent. They had in principle 
established revival of PP for astrophysical applications in powering the high energy sources. MPP is 
however similar to the earlier discovered and well known Blandford-Znajeck (BZ) mechanism in which the 
rotational energy of the hole is extracted out through a purely electromagnetic process. Though both the 
processes use magnetic field as a device to extract rotational energy from the hole, yet their kernel is quite 
different in spirit. For the former magnetic field provides the threshold energy for particle to get onto 
negative energy orbit so that the other fragment goes out with enhanced energy while for the latter it 
generates an electric potential difference between the equatorial plane and the polar region, and it is the 
discharge of which that drives the energy flux out of the hole. In other words, MPP is still rooted in the 
spacetime geometry while BZ is essentially driven by electromagnetic interaction. 
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1 Introduction 



The Penrose process [2] is an ingenious mechanism of extracting rotational energy from a rotating 
black hole which was entirely driven by the spacetime geometry. In the neighborhood of black hole 
event horizon, there occurs a region called ergosphere, which is bounded by the static limit on one 
side and the horizon on the other, where there exist timelike particle orbits with negative total 
energy relative to infinity. Penrose exploited this property for extraction of the hole's rotational 
energy. It was envisioned that a particle falling from infinity on to the hole splits into two in the 
ergosphere, the one of which rides on the negative energy orbit and falls into the hole while the 
other escapes out with energy larger than the incident particle. This is how the rotational energy 
of the black hole can be extracted out. This is what is known as the Penrose process (PP). The 
essential requirement for it is existence of the ergosphere, where negative energy orbits can occur, 
and it is purely a geometric construct caused by rotation of the hole. It cannot work for a non 
rotating black hole from which no energy could be extracted out by this process simply because 
there can occur no negative energy orbits in its neighborhood. 

It came at the very right time in 1969, just when the quasars, which were discovered a little 
earlier, and AGNs were asking for the energy source for their central engine. Here was a process 
provided by the spacetime geometry itself and hence it created a good bit of excitement. It was 
envisaged that a star like object grazing a super massive rotating black hole tidally or otherwise 
splits into fragments in the ergoshere, some of which fall into the hole with negative energy while 
the others come out accelerated with large energy. However it was soon realized that for a frag- 
ment to ride on the negative energy orbit, it should instantly be accelerated to velocity > c/2 
[21 3]. This was however astrophysically unsustainable as there could be no conceivable process 
that could accelerate the fragments to such a high velocity instantaneously. In other words, PP 
would have a very low efficiency of energy extraction and hence it is novel but not astrophysically 
viable. Thus the excitement generated in 1969 died out by 1974. Since then some variants of it 
like the collisional PP were considered without much improving the situation [5l |6] . 

Then in 1977 came the celebrated Blandford-Zanejk (BZ) mechanism [7] of the electromag- 
netic extraction of the rotational energy of a rotating black hole. Here it is envisioned that 
magnetic field produced by the accretion disk threads the black hole horizon and if the field is 
strong enough, vacuum would be unstable to cascade production of electron-positron pairs and 
thereby establishing a force free magnetosphere. Thus an electric potential difference would be 
generated between the equatorial plane and the polar region and when it is discharged, there 
would be energy fiux out of the hole. This is how the rotational energy of the hole would be 
extracted out by purely an electromagnetic process. This was indeed one of the most promising 
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astrophysically viable mechanisms for powering the central engine in quasars and AGNs. 

In 1985 Wagh, Dhurandhar and Dadhich [1] argued that a rotating black hole does not sit 
in isolation but is always surrounded by an accretion disk which could produce a magnetic field 
threading the black hole horizon. It would therefore be pertinent to consider PP in presence of 
electromagnetic field (magnetic field anchored on the inherent rotation in the ergosphere would 
also develop a quadrupole electric component). Now the fragments in the ergosphere could be 
charged and they could therefore derive energy from electromagnetic field to get onto the negative 
energy orbit thereby overcoming the stringent velocity constraint of the original PP. The process 
could thus be highly efficient and hence it could be revived for astrophysical applications. This 
was what was exactly claimed in [1], and this was the first explicit consideration of the magnetic 
Penrose process (MPP). It was first presented in [51 19] as electromagnetic revival of PP as en- 
ergy source for prime movers in high energy sources. The authors carried out a comprehensive 
study of the process establishing that efficiency could even exceed 100 percent in realistic settings 
[10\ [TT| [T2] . It was concluded in writing a review on the energetics of black holes in electromagnetic 
fields by the Penrose process |13| . The viability of MPP was established in principle for a discrete 
particle accretion and it had remained so until recently |14[ I15| . This is indeed very gratifying to 
see that MPP is now considered to be the most pertinent process for powering the central engine 
in quasars and AGNs. It is however thought that MPP is the same as BZ mechanism |16) . and 
that is what I take up next. 



2 MPP versus BZ: a synthesis 

It is generally believed that the two processes are similar and it would be hard to find a signature 
to distinguish between them. As mentioned earlier, for both magnetic field plays the catalytic role 
for mining the rotational energy of the hole. MPP is rooted in the existence of negative energy 
orbits which are caused by the coupling of particle angular momentum with the hole's angular 
momentum and in that magnetic field adds its own contribution to effective angular momentum 
of the particle. It is that which facilitates particles of Newtonian orbits get onto negative energy 
orbits. The magnetic field contribution thus favorably affects the particle energetics for MPP to 
work with very high efficiency. On the other hand BZ is essentially an electromagnetic process 
with force free magnetosphere produced by cascade of electron-positron pairs, and development of 
a potential difference between equatorial plane and polar region. Then the completion of electric 
circuit by discharge of the potential difference that drives the (negative) energy flux into the hole 
and enhanced flux out to infinity. Here it is the electromagnetic interaction which is at the core of 
this process. Since it takes place in the background geometry of a rotating black hole which has 
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inherent and irresistable rotation in the ergosphere, magnetic field lines are wound and anchored 
on the horizon. Spacetime geometry thus plays a passive role in this case in contrast to MPP 
where it is an active driving element. This is how their kernel is quite different in spirit but 
effectively both require very high magnetic field for the energy extraction to be efficient enough to 
serve as a viable source for the high energy sources. Note that efficiency of MPP was shown to be 
greater than 100 percent |10) which augurs very well with the current investigations \16 \ I14 | [T5]. 
As a matter of fact efficiency exceeding 100 percent could be considered as the distinguishing 
feature of MPP. 

The distinction between the two could arise in the limiting case of magnetic field tending to 
zero. In that case MPP would go to PP, though inefficient yet there is some possibility of energy 
extraction while for BZ there would be the null result. In the pertinent case of strong magnetic 
field, one can perhaps take it as MPP or BZ, and it is simply a matter of taste whether one would 
prefer gravity/geometry or electromagnetic field plays the active role. We could as well consider 
a synthesis of the two where one complements the other. For MPP, it is envisaged that there 
is accreting matter from the disk on the hole that could provide fragments which could ride on 
negative energy orbits and fall into the hole while others come out accelerated with large energy. 
The vacuum polarization of BZ could serve as a good viable source for fragments in the ergosphere 
required for MPP to work. For BZ, the inherent irresistable rotation in the ergosphere plays a 
role in enhancing the magnetic field strength and creating the magnetosphere. It would therefore 
be appropriate and pertinent to consider the synthesis of the two mechanisms, and the energy 
extraction could be looked upon as MPP or BZ, the two equivalent processes for strong magnetic 
field regime. We would just like to point out that MPP may be the same as BZ mechanism, it 
was however as such first considered by us in |T] as revival of PP for astrophysical applications. 
It is both heartening and gratifying to see that it is now the most favored mechanism for prime 
mover in the high energy sources [161 [T^ \T5\ [T7] . 
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